The proteasome is a large protease complex consisting of multiple catalytic subunits that function simultaneously to digest protein substrates. This complexity has made deciphering the role each subunit plays in the generation of specific protein fragments difficult. Positional scanning libraries of peptide vinyl sulfones were generated in which the amino acid located directly at the site of hydrolysis (P1 residue) was held constant and sequences distal to that residue (P2, P3, and P4 positions) were varied across all natural amino acids (except cysteine and methionine). Binding information for each of the individual catalytic subunits was obtained for each library under a variety of different conditions. The resulting specificity profiles indicated that substrate positions distal to P1 are critical for directing substrates to active subunits in the complex. Furthermore, specificity profiles of IFN-␥-regulated subunits closely matched those of their noninducible counterparts, suggesting that subunit swapping may modulate substrate processing by a mechanism that does require a change in the primary sequence specificity of individual catalytic subunits in the complex. Finally, specificity profiles were used to design specific inhibitors of a single active site in the complex. These reagents can be used to further establish the role of each subunit in substrate processing by the proteasome.
T
he proteasome is responsible for a wide range of cellular functions ranging from controlled processing of antigens to complete destruction of long-lived and misfolded proteins (1) . The proteasome is also one of the most complex catabolic systems, owing to its multiple active sites, multitude of accessory proteins that regulate its function, and the dynamic nature of the assembled protease complex that results from swapping of active subunits upon stimulation by IFN-␥.
The proteasome is a large barrel-shaped protein complex that is made up of ␣ and ␤ subunits. The ␤ subunits contain the active sites where amide bond hydrolysis takes place (2, 3) . Of the seven eukaryotic ␤ subunits only three are believed to be enzymatic (1) (2) (3) . These catalytic subunits create a proteolytic system that cleaves amide bonds adjacent to a variety of amino acids. The primary hydrolytic activities of the proteasome have been categorized based on the amino acid residues found directly adjacent to the scissile amide bond (4) . However, several studies have now established the importance of distal amino acid residues in directing a substrate to an active site in the complex. Detailed kinetic studies using fluorogenic substrates (5) and covalent inhibitors have established the importance of both the P3 and P4 residues for subsite binding (6, 7) .
IFN-␥-induced exchange of subunits in the active complex originally was shown to result in modulation of both the activity and substrate specificity of the proteasome complex (8) (9) (10) (11) (12) . Subunit swapping thereby serves to direct processing of a peptide substrate for downstream loading onto MHC class I molecules and presentation to cytotoxic T lymphocytes. Although it is clear that IFN-␥ stimulation results in the generation of peptide fragments terminating in a C-terminal aliphatic or hydrophobic amino acid, recent studies suggest that these changes in product formation may not be directly caused by differences in primary sequence specificities of the inducible catalytic subunits (13) .
Several elegant techniques have been developed to determine the substrate specificity of proteolytic enzymes in the hope that this information will aid in the identification of downstream protein substrates (14, 15) . Although these techniques have proven useful, they only provide information regarding bulk product formation and therefore are unable to resolve specificities of enzymes such as the proteasome that contain multiple active sites. Analysis of substrate specificity of the proteasome has remained focused on studies of in vitro protein digests and catalytic mutants in yeast (16) (17) (18) . Although these studies have paved the way toward a better understanding of the proteasome's catalytic mechanism, they are limited by the need for purified preparations of enzyme and therefore are unable to make claims as to the direct in vivo relevance of the data. They also fail to systematically address the differences in substrate specificity among the individual catalytic subunits.
We have developed a method for the global analysis of the substrate specificities of each of the proteasome's multiple active sites. This method takes advantage of peptide-based covalent inhibitors of the proteasome. These inhibitors bind to the active site of a catalytic ␤ subunit such that they mimic a bona fide protein substrate. Thus, the amino acids residues of the inhibitor interact with the various binding pockets responsible for defining substrate specificity. These enzyme specificity pockets are identified by their position relative to the site of amide bond hydrolysis. Similarly, the amino acids of substrates and inhibitors are designated based on their position relative to each specificity pocket (Fig. 1A) .
Libraries of compounds containing a complete set of amino acid residues at the P2, P3, and P4 sites were used to assess binding to each of the active sites. Furthermore, individual subunits could be resolved by SDS͞PAGE, allowing analysis of IFN-␥ inducible subunits without the need to obtain homogeneous populations of immunoproteasomes. The resulting specificity map was organized and displayed by using mathematical algorithms that clustered the data, allowing rapid analysis of global specificity profiles. Our results suggest that whereas IFN-␥ stimulation leads to swapping of active ␤ subunits, these newly incorporated subunits have nearly identical substrate specificities at the P2-P4 sites as the subunits that they are replacing. Furthermore, these data highlight the importance of these P2-P4 subsites for directing substrate processing. Finally, the information from the inhibitor scan provided a roadmap for the design of inhibitors that specifically targeted the Z (␤2; trypsin-like) subunit of the proteasome. This general methodology is likely to be of value as a rapid method for optimizing inhibitors against protein targets in crude cellular homogenates.
Experimental Methods
Synthesis of Peptide Vinyl Sulfone. The synthesis of fluorenylmethoxycarbonyl-Asp-VS (IV) was accomplished essentially as described for other amino acid vinyl sulfones (6) . Details of the synthesis and Scheme 1 are published as supplemental material on the PNAS web site, www.pnas.org.
Synthesis of Positional Scanning and Single Component Peptide
Libraries. Fluorenylmethoxycarbonyl-Asp-VS-loaded resin (20 mg͞well 0.7 mmol per g) was weighed into 96 position filter blocks (FlexChem system; Robbins Scientific, Mountain View, CA). Each library consisted of 19 sublibraries in which each of the natural amino acids (minus cysteine and methionine plus norleucine) was used at a designated constant position and an isokinetic mixture of those same 19 amino acids was coupled in the variable position. The isokinetic mixture was created by using a ratio of equivalents of amino acids based on their reported coupling rates (22) . The total mixture was adjusted to 10-fold excess total amino acids over resin load. For constant positions a single amino acid was coupled by using 10-fold excess. Couplings were carried out with diisopropylcarbodimide and hydroxybenzotriazole under standard conditions. The mixture libraries (P2 and P3) were amino terminally capped with 4-hydroxy-3-nitrophenylacetic acid and the single component P4 libraries were capped by using acetic anhydride. Libraries and single components were cleaved from the resin by addition of 90% trifluoroacetic acid, 5% water, and 5% triisopropyl silane for 2 h. Cleavage solutions were collected and products were precipitated by addition of cold diethyl ether. Solid products were isolated by centrifugation followed by lyophilization to yield the crude peptides that were dissolved in DMSO (50 mM stock) based on average weights for each mixture. Libraries and single compounds were stored at Ϫ20°C and further diluted to 5 mM stock plates for use in experiments.
Synthesis of P1 Leucine Peptide Vinyl Sulfones. The peptide vinyl sulfone Ac-YVRLL-VS was synthesized exactly according to the procedures for the synthesis of a related vinyl sulfone reported previously (23) .
Radiolabeling of Inhibitors. All compounds were iodinated and isolated as reported (19) .
Cell Culture and IFN-␥ Stimulation. All cells (EL-4 and NIH 3T3) were maintained in RPMI media with 10% FCS. Cells were stimulated with IFN-␥ by addition of 4 l of a stock solution (50 units͞ml) to 50 ml of media. Cells were harvested after 2 days of stimulation.
Preparation of Cell Lysates. Cells were lysed with glass beads (Ͻ104 microns; Sigma) in buffer A (50 mM Tris, pH 5.5͞1 mM DTT͞5 mM MgCl 2 ͞250 mM sucrose) and supernatants were centrifuged for 15,000 ϫ g for 15 min at 4°C. The total protein concentration of the final supernatants (soluble) was determined by BCA protein quantification (Pierce).
Direct Labeling of the Proteasome with Iodinated Peptide Vinyl
Sulfones. Equivalent amounts of radioactive inhibitor stock solutions (approximately 10 6 cpm per sample) were used for all labeling experiments. Samples of lysates (100 g of total protein in 100 l of buffer; 50 mM Tris, pH 7.4͞5 mM MgCl 2 ͞2 mM DTT) were labeled for 1 h at 25°C unless noted otherwise. Samples were quenched by addition of SDS sample buffer.
Library Competitions and Quantitation of Data from Crude Extract and
Purified 20S Proteasomes. In a typical experiment NIH 3T3 or EL-4 lysates were prepared as described above and diluted to 1 mg͞ml in reaction buffer (RB) (50 mM Tris, pH 7.4͞5 mM MgCl 2 ͞2 mM DTT). Lysates (100 g total protein) or purified 20S proteasomes (1 g per sample in RB with 0.01% SDS) were incubated with 1 l from a 5 mM library stock (final concentration of 50 M) for 30 min at room temperature. Iodinated inhibitors (diluted 1:10 or 1:5 in RB) were added to each reaction and incubation continued for an additional 90 min at room temperature. The reactions were quenched by addition of SDS͞ PAGE sample buffer followed by boiling for 5 min. All samples were separated on 12.5% SDS͞PAGE gels, and data were obtained by exposure of the gels to PhophorImager screens (Molecular Dynamics). Bands of activity were quantitated with IMAGEQUANT software (Molecular Dynamics), and ratios of each band's intensity relative to the corresponding control untreated sample were obtained.
Analysis of Library Scanning Data Using Genomic Software and
Hierarchical Clustering. To prepare data for display and clustering, ratios of signals in inhibitor-treated samples relative to nontreated samples were expressed in decimal format. The ratios were multiplied by 2 and log base 2-transformed to convert the data to values in a range from Ϫ1 to 1. Using this approach, compounds that showed 100% competition were assigned a value of Ϫ1 and compounds that showed no inhibition were assigned a value of 1. The log-transformed data then were converted to color format and clustered by using the program CLUSTER designed by Eisen and coworkers (21) . Data then were displayed in a tree diagram after clustering using the program TREE VIEW. Both programs can be obtained at http:͞͞www. microarrays.org.
Kinetic Analysis of Selectivity of Proteasome Inhibitors. In a typical assay, 0.5 g (0.3 g for Z-LLE-MCA; MCA indicates methylcoumarin amide) of purified RBC 20S proteasome was diluted to a final volume of 500 l in buffer (20 mM Hepes, pH 8.0͞0.5 mM EDTA͞0.01% SDS). Fluorogenic substrates were then added to a final concentration of 10 M. Progress curves were measured by monitoring aminomethylcoumarin fluorescence at 37°C. The initial rate was measured for 5-10 min. Vinyl sulfone inhibitors were then added from DMSO stocks to the desired concentration and the reaction was allowed to proceed for a total time of 1 h. Substrate hydrolysis was measured independently for each inhibitor at 4-8 different concentrations. Fluorescence data were collected as a function of time and processed by using the SCIENTIST 
Results and Discussion

Design and Synthesis of Positional Scanned Libraries of Proteasome
Inhibitors. Although originally designed to target cysteine proteases, peptide vinyl sulfones have been demonstrated to act as irreversible covalent inhibitors of the proteasome (6, 19) . Because these reagents function by mimicking a peptide substrate, we reasoned that they would provide structure͞potency profiles for the proteasome that would directly correlate with substrate specificity. Furthermore, because these reagents covalently bind to the active site threonine of the proteasome, it is possible to trace and resolve binding to individual subunits. We generated libraries of peptide vinyl sulfones in which the P1 amino acid was held constant so that the role of secondary sequence determinants could be assessed. The amino acid asparagine was chosen for the P1 residue because it allowed attachment to a solid support via a side-chain amide bond linkage. Commercially available f luorenylmethoxycarbonyl-protected, t-butyl side chain-protected aspartic acid was converted to the corresponding C-terminal vinyl sulfone. Removal of the side chainprotecting group resulted in a free carboxylic acid moiety that was used as a site of attachment to a Rink polystyrene resin. Cleavage from the resin resulted in conversion of this residue to asparagine. This method allowed rapid synthesis of virtually any peptide sequence terminating in a C-terminal asparagine vinyl sulfone.
Positional scanning libraries (20) were constructed in which tripeptides were varied through the P2 and P3 positions (Fig.  1B) . The nitrophenol group was included at the N terminus because it has been shown to increase the potency of tripeptide vinyl sulfones for the proteasome (19) . Libraries were synthesized by coupling a single amino acid in the constant position (C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ) and an isokinetic mixture of this same set of amino acids in a variable position (mix). All natural amino acids were used except cysteine due to its reactivity with the vinyl sulfone. Norleucine was used instead of methionine to prevent heterogeneity resulting from oxidation. This method produced sets of 19 sublibraries each containing 19 components. To address the specificity at the P4 position, libraries of acetyl-capped tetrapeptides also were constructed. These libraries consisted of single compounds in which the P2 and P3 residues were held constant as leucine, previously shown to be potent for inhibition of the proteasome (6). The single component methodology was chosen to avoid complications associated with multiple variable positions and sublibraries of increased complexity.
Application of Inhibitor Libraries to the Proteasome. Changing the P1 leucine residue of the previously reported peptide vinyl sulfone NLVS (NIP-LLL-VS) to asparagine resulted in a new covalent inhibitor (NIP-LLN-VS; Fig. 2A ), which targets all of the active sites of the proteasome. Libraries of P1 asparagine vinyl sulfones therefore would serve as a good starting point for specificity analysis due to their propensity to target all of the proteasome's active sites.
Initial library studies were performed by using crude homogenates from two different cell lines. The mouse lymphoblastoid cell line EL-4 was chosen because it constitutively expresses the LMP-2, LMP-7, and MECL-1 IFN-␥-inducible subunits of the proteasome. The mouse fibroblast line NIH 3T3 was used because it expresses inducible subunits only upon stimulation by IFN-␥. Analysis of inhibitor binding was performed by using a competition assay in which libraries or single compounds were added to crude homogenates followed by an incubation͞binding period. Modification of each subunit then was visualized by addition of a general radiolabeled inhibitor. Three different radioactive affinity labels of the proteasome (NLVS, YL 3 -VS, and NP-LLN-VS; see refs. 6 and 19) were used to ensure that specificity profiles were not affected by the potency and selectivity of the label used for analysis. Fig. 2B shows a typical SDS͞PAGE profile of a library competition assay. Compounds that efficiently targeted an active site reduced labeling by the radioactive probe. Quantitation of samples relative to the control labeling provided a percent competition value for each subunit. Assays were performed by adding each library to each cell line that had or had not been stimulated by IFN-␥. Overall, this method provided data for all populations of proteasomes, including 26S, 20S, and other regulator-associated complexes regardless of their abundance in the cell; however, minor populations of proteasome complexes with different substrate specificities may exist that would be poorly represented in our bulk data.
Data sets from competition experiments rapidly became overwhelmingly large due to the large number of libraries, extract conditions, and active sites. Hundreds of data points were generated, and a simple and efficient method for analyzing the data was required. We turned our attention to informatics efforts Application of the P1 aspraginyl peptide vinyl sulfones to the proteasome from crude cellular extracts. (A) Direct labeling of the proteasome's multiple active sites in NIH 3T3 and EL-4 cells using two labels that differ only in the P1 residue. Change from P1 leucine to P1 aspragine leads to an increased labeling of the Z and MECL-1 subunits. (B) A typical competition profile obtained from incubation of crude EL-4 cell extracts with the complete set of P2 scanning sublibraries followed by labeling with 125 I-NIP-LLN-VS. The control, nontreated lane is indicated at the far left, and the identity of the constant amino acid for each sublibrary is shown along with its side-chain structure at the top of the gel.
developed for genomewide transcription profiles. Programs by Eisen and coworkers (21) assign color to data points based on a numerical value for fold induction of genes in the genome. Large data sets can be mathematically clustered to group genes based on similar patterns of expression across a given set of conditions. This software was used for analysis of our specificity data, with red assigned to compounds that showed the greatest competition (hot binders), green assigned to compounds that showed little or no competition (cold binders), and black to compounds that showed 50% competition (Fig. 3) . The complete data sets obtained for each library (P2-P4) were clustered individually. The resulting three clustergrams of data grouped subunits with similar specificity profiles across the set of variable amino acids together along the y axis and amino acids with similar reactivity for the multiple proteasomal active site together along the x axis.
The clustergrams identified amino acids at each variable position (P2-P4) that behave most similarly with respect to subunit modification throughout the various experimental conditions. Not surprisingly, amino acids with similar structure, charge, or polarity such as leucine and isoleucine, lysine and arginine, tyrosine and phenylalanine showed nearly identical profiles of specificity for the proteasome's multiple active sites. Interestingly, some amino acids of nearly identical side-chain structure such as asparagine and glutamine showed dramatically different specificity profiles at distinct positions on the inhibitor, suggesting that the proteasome has well-defined selectivity at non-P1 binding sites. The clustered profiles also show that each ␤ subunit's specificity across each library was identical regardless of the cell type and label used, indicating that the results were highly reproducible. However, the profiles for each library were distinct, suggesting that substrate selectivity is variable and in fact is more narrowly defined at sites further from the P1 position.
Perhaps more importantly, the IFN-␥-inducible subunits (MCL-1, LMP-2, and LMP-7) showed nearly identical P2-P4 Cluster analysis of the complete data set obtained for each positional scanning library. Percent competition data obtained from gels as shown in Fig. 2B was converted to color format as described in Experimental Methods. Multiple cell lines, conditions of stimulation, and labels were used for analysis in crude cell extracts and are indicated on the right. The tree structure at the top and left of the diagram was obtained by hierarchical clustering and indicates the degree of similarity as a function of the height of the lines connecting profiles. Subunits are numbered according to the bands labeled in Fig. 2B , and the boxed regions to the far right indicate groups of high similarity across the series of constant amino acids. Note the similarity and clustering of the Z and MECL-1 subunit profiles (subunits 1 and 2). Yellow boxes highlight amino acid residues at each position that show the greatest degree of selectivity for the Z and MECL-1 subunits over the X, Y, LMP-2, and LMP-7 subunits. Data from addition of scanning libraries to purified preparations of 20S proteasomes using the methods used for analysis in crude extracts are displayed at the bottom of the clustergrams for comparison. Fig. 3 . The non-P1 arginine compound Ac-YRLL-VS also is shown. Note the loss of selectivity upon conversion of the P1 amino acid to leucine. specificity profiles as their noninducible counterparts (Fig. 3) . On first inspection these data seem to be in conflict with initial studies of the effects of subunit swapping to the substrate specificity of the proteasome. However, these earlier studies relied on fluorogenic substrates that provide only information regarding bulk substrate processing by the complex and fail to indicate specificity changes of individual subunits. Therefore one cannot rule out the possibility that changes in processing of specific substrates upon IFN stimulation is due to an increase in the activity and not the specificity of one or more active sites in the complex as supported by our findings. Our results are also consistent with the recent findings that suggest that inducible ␤ subunits play a role in modulation of structural integrity of the proteasome complex and may have little effect on direct primary sequence recognition (13) .
We also compared the profiles observed for proteasome complexes in crude homogenates with those observed for purified preparations of 20S proteasomes that had been artificially activated by addition of low concentrations of SDS (Fig. 3) . In general the profiles are similar; however, the P2 and P4 data from purified 20S proteasomes, unlike the data from homogenates, showed nearly identical profiles for the Z and X͞Y subunits. The Z subunit of the purified 20S complex also was significantly less active and had a significantly less defined substrate specificity than the crude complexes. These differences may reflect differences in activation of the complex with SDS compared with a physiologically relevant regulator such as the 19S or 11S caps. These data also serve to highlight the differences between activity of purified, homogeneous populations of proteasomes and those that exist within the cell.
Because covalent inhibitors in some ways may fail to accurately mimic a genuine cleavable peptide substrate, we compared our results using the inhibitor libraries to results obtained using positionally scanned libraries of fluorogenic substrates (J. Harris and C. Craik, personal communication). Although these substrate libraries provide only bulk information regarding the specificity of the complex, we observed similar profiles with our inhibitor library scan, suggesting that the peptide vinyl sulfones bind in a manner similar to a substrate and therefore provide information that correlates with global patterns of substrate specificity.
Design of Subunit-Specific Inhibitors Based on Specificity Profiles.
Compiling and sorting the data into clustergrams allowed rapid identification of optimal residues for the design of selective inhibitors to target a single active site of the proteasome. The synthesis of individual compounds based on scanning data also served as a method for validating the library approach. A major shortcoming of positional-scanning libraries is their inability to determine cooperative effects of multiple side chains on substrate or inhibitor binding. By creating mixtures of compounds these effects are lost through averaging of interactions at the variable positions. We chose to synthesize a number of individual nitro phenol-capped tripeptides containing either strong binding (R, L), weak binding (G, N, D) , or positionally dependent strong binding (Q; binds only in the P2 position) amino acids. Asparagine and glutamine residues were chosen for their similarity of structure but difference in potency toward the Z subunit of the proteasome when placed in the P2 position.
Compounds were analyzed for potency against each of the active sites of the proteasome by competition analysis in crude extracts from NIH 3T3 cells (Fig. 4A) . Residues with poor reactivity in the library scan lead to weak inhibitors upon incorporation into individual compounds. Furthermore, the effects of weak binders outweighed those of strong binding amino acids, leading to poor inhibitors for all compounds containing weak binding amino acids at any position. More subtle effects observed in the library scan also were validated by using this approach. Arginine in the P3 position was accepted by the Z subunit and was excluded by the X and Y subunits in the library scans. Leucine, on the other hand, behaved very similarly to arginine with respect to the Z subunit but bound weakly to the X and Y subunits. This slight difference in potency toward the X͞Y subunits was reflected in the single compounds. NP-RQN-VS showed inhibition of only the Z subunit whereas NP-LQN-VS showed inhibition of the Z subunit and also weak activity against the X and Y subunits. Thus, the library approach provided both qualitative and semiquantitative information that could be directly translated into the design of selective inhibitors.
The complete P2-P4 scanning data were used to generate compounds with absolute specificity for the Z subunit of the proteasome. Two amino acids with selectivity for the Z subunit were chosen at each of the positions ( Fig. 3 ; see yellow boxes) and used to generate six compounds containing combinations of these amino acids. Compounds were tested by competition analysis in crude extracts (Fig. 4B) . All inhibitors were potent inhibitors of the Z subunit with no measurable activity toward the X and Y subunits. To further test the selectivity of these inhibitors we performed kinetic analysis on purified 20S proteasomes by using the three commonly used fluorogenic substrates (Table 1 ). All six compounds potently inhibited hydrolysis of the trypsin-like substrate Boc-LRR-MCA and failed to have any measurable effect on hydrolysis of either the chymotrypsinlike (Suc-LLVY-MCA) or glutamyl peptide hydrolyzing activity (PGPH) (Z-LLE-MCA) substrates (except Ac-YRKN-VS whose effect on the PGPH and chymotrypsin substrates was extremely poor but measurable). This kinetic data provides direct proof that the Z subunit alone is responsible for the trypsin-like activity of the proteasome as measured by the fluorogenic substrate Boc-LRR-MCA.
To determine the effect of the P1 residue in the context of a P2-P4 Z-optimized inhibitor, one of the Z-specific tetrapeptides was synthesized with the P1 amino acid leucine (X͞Y subunit directing) in place of asparagine (Z subunit directing). This peptide Ac-YRLL-VS, like its closely related parent compound Ac-YRLN-VS, was a potent inhibitor of the Z subunit but also showed moderate activity against the X͞Y subunits (Fig. 4B) . Thus, whereas the P2-P4 positions of a substrate clearly play an important role in defining the site of hydrolysis, a combination of interactions at multiple sites leads to absolute discrimination. Table 1 . Kinetic inhibition of the three primary protease activities of the 20S proteasome by Z-specific inhibitors Tuning Selectivity of Inhibitors Using Scanning Data. As a final determination of the selectivity of the Z-specific inhibitors we radiolabeled one of the tyrosine containing compounds (Ac-YRLN-VS). We then compared the selectivity of labeling of this compound to other compounds with various positions optimized for binding to either the X͞Y subunits or the Z subunit of the proteasome. Beginning with NP-LLL-VS, a selective inhibitor of the X͞Y subunits, the P1 residue was changed to asparagine (NP-LLN-VS), resulting in a dramatic increase in the labeling of the Z subunit (see Fig. 2 A) . Changing the P4 reside from the NP moiety to tyrosine (optimal for Z subunit binding) lead to an increase in labeling of the Z subunit relative to the X͞Y subunits ( Fig. 5 A and  B) . Replacement of the P3 leucine residue with arginine (Ac-YRLN-VS) resulted in the Z-specific compound, which showed labeling of only the Z subunit of the proteasome (Fig. 5C ). Returning the P1 residue to the X͞Y directing leucine (Ac-YRLL-VS; Fig. 5D ) restores moderate labeling of the X͞Y subunits and finally returning the P3 to leucine (YL 3 -VS; Fig. 5E ) results in predominant labeling of the X͞Y subunits. Thus, using information from the positional scanning data it was possible to fine-tune the selectivity of inhibitors toward individual subunits of the proteasome.
Conclusions
We have developed a rapid method for the analysis of substrate and inhibitor selectivity of the proteasome. Positional scanning libraries coupled with highly selective affinity labels allowed analysis of binding to individual active sites of the proteasome in bulk populations of proteasomes. This scanning approach has yielded global specificity profiles of individual catalytic subunits and also has led to the design of inhibitors with ''tunable'' selectivity toward individual active sites in the proteasome complex. Subunit selective inhibitors were used in this study to identify the Z subunit as the sole catalytic center responsible for the trypsin-like activity of the mammalian proteasome. Future work with cell-permeable analogs of these selective inhibitors is likely to further define the roles of individual subunits in specific processing events catalyzed by the proteasome. Finally, specificity profiles of the active sites analyzed under a variety of physiological conditions will provide information as to how the proteasome is able to control the processing of substrates. Surprisingly, our data suggest that the overall P2-P4 substrate specificity of subunits is static throughout conditions such as IFN stimulation, suggesting that regulation of substrate processing is likely to be controlled by factors other than modulation of the primary sequence specificity of the proteasome complex.
